Cancer, characterized by uncontrolled growth and cell division, has commanded tremendous efforts from the research fraternity in elucidating all plausible pathways that drive a normal cell into the oncogenic pathway. Designing new strategies and protocols for treatment of the disease have been extensively studied yet unsuccessful due to the fact that the diagnosis happens at a very late stage of malignancy that leaves less scope for complete revival and high risk of relapse. Amongst the varied reasons of cancer development, mutations; either inherited in the germ line or arising from changes in DNA sequence of somatic tissues during the life, are the major instigators. These mutations may abnormally enhance the function of protooncogenes, or erase effects of the tumor suppressor gene (TSG) products. Over expressed protooncogenes over-ride cell senescence and silenced TSGs derail the control over cell division and genetic stability. TSGs controlling cell growth are critical; however, genes involving DNA repair systems hold an equally important value in maintaining the cellular integrity and growth. The DNA mismatch repair (MMR) system is necessary for the maintenance of genomic stability. The MMR system promotes genomic fidelity by repairing base-base mismatches, insertion-deletion loops (IDLs) and heterologies generated during DNA replication and recombination. Failure to accomplish these functions may lead to cancer and are associated with tumor prone phenotypes. MMR proteins coordinate a complex network of physical and functional interactions and are also involved in activation of cell-cycle check point and induction of apoptosis during DNA damage. They also play a role in cell death by alkylating agents and other chemotherapeutic drugs. Inactivation of MMR genes by mutations or epigenetic silencing in hereditary and sporadic cancers is associated with mutator phenotype and inhibition of apoptosis. A deeper understanding of the molecular mechanism and functional interactions of MMR proteins will lead to the development of more effective cancer prevention and treatment strategies.
Introduction

Molecular Mechanisms of Mismatch Repair Genes in Cancer -
Mutations in DNA have been implicated in degenerative processes such as aging, carcinogenesis, or genetic disorders [2] . A small fraction of these mutations may be due to replication errors. The major responsibility for the fidelity of replication resides in the specific pairing of nucleotide bases by the DNA polymerase and proofreading and excision of a misincorporated base. Additional accuracy is mediated by certain accessory proteins and post replication controls performed by DNA mismatch repair (MMR) mechanism. DNA damage that occur during replication may be simple incorporations of non-complementary bases leading to a point mutation, or a slippage event causing a frameshift mutation. Mutations may also arise spontaneously by deamination of bases or the loss of a base by active oxygen species that risk DNA integrity [1] . Several exogenous DNA-damaging agents may form premutagenic lesions by reacting with DNA bases, altering its chemical structure and halting the activity of DNA polymerase.
A collective action of different repair mechanisms is required for maintaining the integrity and genetic stability of a cell. The Base excision repair (BER) proteins excise and replace damaged DNA bases, mainly arising from endogenous oxidative and hydrolytic decay of DNA [4] . DNA glycosylases initiate this process by releasing the modified base followed by cleavage of the sugar phosphate chain, excision of the abasic residue and local DNA synthesis and ligation. A few unusual enzymes reverse rather than excise DNA damage. The human methyl guanosine methyl transferase (MGMT) removes methyl groups and other small alkyl groups from the O 6 position of guanine. The nucleotide excision repair (NER) mainly removes bulky adducts caused by environmental agents. The human cells use an elaborate assembly of gene products to carry out NER like the XPC complex, DDB complex, XPA, and RPA proteins that bind to sites of DNA damage [4] . The unwinding of damaged DNA is brought about by two DNA helicases XPB and XPD and excision by XPG and ERCC1-XPF proteins. The mismatch repair (MMR) corrects occasional errors of DNA replication as well as heterologies formed during recombination. These genes encode proteins responsible for identifying mismatches and strand discrimination brought about by orientation of components of DNA replication complex such as PCNA. The DNA doublestrand breaks may be rectified by either homologous or non homologous recombination pathways. Homologous recombination involves branch migration enzymes and resolvases, while non homologous end-joining recombination involves protein factors like DNA-dependant protein kinase. These mechanisms exploit the redundancy of information inherent in the double helical DNA structure. The defective region in one strand can be returned to its original form by relying on the complementary information stored in the unaffected strand.
The MMR system maintains genomic stability by repairing base-base mismatches and insertion/deletion loops (IDLs) originating during DNA replication, as well as heteroduplexes occurring during recombination. MMR improves the fidelity of DNA biosynthesis by 100-1000-fold, complementing the intrinsic error-free and proofreading properties of replicative DNA polymerases and lowering the overall mutation rate to one error per 10 10 nucleotides synthesized [5] .
DNA repair mechanisms
The DNA mismatch repair mechanism
Structural insights of MMR proteins
Origin and fate of mutations
The tolerance of DNA lesions can be achieved through: damage avoidance (DA) and translesion synthesis (TLS). The DA process tends to ensure replication of a damaged template while avoiding the polymerase to replicate through the lesion. This can be achieved by post replication recombinational repair or by a polymerase strand switch and is intrinsically error free [3] . TLS requires that a polymerase reads through the damaged base at the expense of replicational accuracy and is thus error prone in essence.
At least six different MMR proteins are required to correct the mismatched DNA. For mismatch recognition, the MSH2 protein forms a heterodimer with either MSH6 or MSH3 (Mut S) depending on the type of lesion to be repaired (MSH6 is required for the correction of single-base mispairs, whereas both MSH3 and MSH6 may contribute to the correction of IDLs). A heterodimer of MLH1 and PMS2 (Mut L) coordinates the interplay between the mismatch recognition complex and other proteins necessary for MMR that include exonuclease 1 (EXO1), a helicase(s), proliferating cell nuclear antigen (PCNA), single-stranded DNA-binding protein (RPA) and DNA polymerases δ and ε. MLH1 may heterodimerize with two additional proteins, MLH3 and PMS1. PMS2 is required for the correction of single-base mismatches and PMS2 and MLH3 both contribute to the correction of IDLs, whereas the role of PMS1 in MMR awaits further research.
MMR also participates in transcription-coupled repair pathway, cell-cycle regulation and p53-dependent apoptotic response to a variety of DNA damage [6, 7] . Alterations in the accurate mechanisms of MMR have profound consequences, from an increase of the mutation rate (mutator phenotype) to a pathogenic role in hereditary and sporadic cancer in humans [8] .
The Mut S dimer has a general shape of two `opposing commas' or `praying hands' joined by interactions at a single, composite ATP-binding site on one side and at the bound mispaired/unpaired DNA on the opposite side, immediately suggesting allosteric communication between DNA binding and ATP binding and hydrolysis. The dimer encircles two channels, one of which is occupied by the mismatched DNA [9, 10] .
Each subunit is formed by five flexible domains ensuring versatility in DNA damage recognition. Mismatch binding involves conformational changes in each monomer and a kinking of the mismatched DNA towards the major groove, widening and flattening the minor groove [9, 10] . The five domains are defined as I -mismatch binding; II -connector; III -core; IV -DNA clamp and V -ATPase. The mismatch binding and DNA clamp domains are involved in binding to mismatched DNA, the connector and core domains constitute the backbone of each subunit and are involved in transmitting allosteric information of bound DNA co-factor to the ATPase domain [9, 10] .
In both structures, the same FXE motif in domain I, is involved in binding to the G: T mismatch and to the unpaired T. Only one subunit interacts with the mismatched T, creating an asymmetry in the dimer. This asymmetry is reflected by the heterodimers MSH2-MSH6 and MSH2-MSH3 which suggests that MSH6 and MSH3 are involved in mismatched/misaligned DNA recognition. The ATPase domains are located on the opposite sides of the dimer, away from the bound DNA and are interleaved with each other. They contain the Walker A and B motifs, and their general fold resembles that of the ABC super family of ATPases. Each ATPase active site is shared between the two subunits across the dimer interface, to coordinate conformational changes of both monomers [9] [10] [11] . Mut L homologue has conserved C-terminal region that mediates constitutive dimerization and the N-terminal region undergoes ATP/ADP-regulated dimerization during MMR. Mut L is an elbow shaped two-domain monomer that resembles DNA gyrase and the chaperone HSP90. Upon binding to the non hydrolyzable ATP analogue, ADPnP, Mut L dimerizes and a large DNA binding groove is formed in the middle of the dimer. Dimerization is mediated by the association of the first domains, each binding a nucleotide molecule. Upon ADPnP-dimerization, two potential interfaces for interaction with Mut S and Mut H are formed. Mut H structure has homology to type II restriction endonucleases. It has a shape of a two domain open clamp delimiting a DNA binding cleft. The dimerization leads to ATP hydrolysis, generating an ADP-bound dimer. Mut L is also regulated by cycles of ATP binding and hydrolysis [12] .
Signalling complexes in DNA repair
In the first model (sliding clamp), MSH2-MSH6 is capable of high-affinity mismatch recognition in its ADP-bound state and mismatch binding acts as nucleotide exchange factor provoking the ADP-ATP exchange. The ATP-bound undergoes a conformational change into a clamp with reduced affinity for the mismatch and diffuses freely along the DNA in an ATP hydrolysis-independent fashion (sliding clamp), signalling to additional components of the MMR [13, 14] . Signalling to the replicative polymerase may change the polymerase's conformation and stops the forward processivity and activates the 3'-5' exonuclease activity to remove the newly synthesized DNA strand [13, 14] . This hypothetical model explains the directionality of the excision towards the mismatch.
Tethering of the MMR machinery to the replicative polymerase would allow strand discrimination. The direct interaction of MLH1, MSH3 and MSH6 with the PCNA may link MMR to DNA replication by marking the newly synthesized DNA [5] .
A second model (ATP-dependent translocation) is based on binding of Mut S to heteroduplex DNA. Mut S extrudes a DNA loop in an ATP hydrolysis-dependent manner generating α-or Ω-shaped structures with the mismatch located within the loop [5] . The recognition of mismatched DNA by Mut Sα does not require ADP binding. ATP binding then stimulates dissociation of Mut Sα from the mismatch and ATP hydrolysis provides the energy for translocation of Mut Sα along the helix contour [15] .
A third model is based on the sharp kinking of mismatched DNA and conformational changes of Mut S upon DNA binding (induced fit). In this model Mut S does not leave the mismatch and marks strand discrimination via direct protein-protein interactions with other MMR proteins such as Mut L and Mut H [9, 10] . In the presence of Mut L and ATP, Mut S can activate Mut H-mediated cleavage in trans, i.e. the mismatch and the hemimethylated GATC site can reside on two separate DNA molecules [11] . In this model, the requirement of ATP is explained as a `proofreading' means to verify mismatch recognition by Mut S, as ATP binding reduces the Mut S affinity for homoduplex DNA more than for heteroduplex DNA. ATP would also authorize subsequent repair events, as only ATP binding by Mut S would allow productive interaction with Mut L [11] .
Mut L dimer interacts with Mut S transmitter region: through this region, the conformational changes of concomitant ATP and mismatch DNA binding can be signalled to Mut L. In turn, Mut L can signal to Mut H via structural changes that depend on ATP hydrolysis [11] .
Additional interactions of MMR
Proliferating cell nuclear antigen (PCNA) is an auxiliary factor for DNA polymerase δ and ε and is necessary for DNA replication.
It is a doughnut-shaped heterodimer that is loaded onto DNA by replicative factor C (RFC) in an ATP-dependent process and acts as a sliding clamp that encircles template DNA and provides processivity to the associated DNA polymerase. PCNA is emerging as a key player linking early and late events during MMR and possibly mediating strand discrimination. PCNA was found to interact with MSH3 and MSH6 and increases the specificity of mismatch recognition [16] .
After MMR initiation, additional protein-protein interactions mediate subsequent repair steps. A direct interaction between 5'-3' exonuclease EXOI/HEXI and MSH2 has been detected play a role in MMR. Polymerase δ and ε effect DNA resynthesis. This process may be regulated by DNA interactions between MMR proteins and PCNA and RPA [17] . Finally, DNA ligase I, seals the nick produced by DNA polymerase δ and PCNA [5] .
Malfunction of MMR determine a status of genomic instability that is associated with predisposition to cancer. This may manifest itself as highly elevated rates of subtle mutations (microsatellite instability; MSI) throughout the genome [18] . Although MMRdeficient cells typically have a diploid or near-diploid DNA content, loss of heterology dependent suppression of recombination in these cells may promote gene conversion and expose tumor suppressor genes in analogy to loss of heterozygosity, or allow chromosomal translocations to occur. Increased mutational inactivation of genes involved in DNA double-strand break repair may contribute to an elevated degree of chromosomal aberrations in MMR-deficient cells. Critical genes may be affected with mutations, conferring a growth advantage on the cells [19, 20] .
Role of MMR in epigenetic modification
Microsatellites refer to long segments of non-transcribed DNA that are composed of a repeating mononucleotide or dinucleotide sequences. These long DNA sequences provide a simple indicator of genetic mutation rate and risk because mutations are readily apparent in these long repeating sequences. Microsatellite instability is commonly tested at five loci (BAT 25, BAT 26, D2S123, D5S346 and D17S250), the best known of which are BAT 25 and BAT 26 which consists of 25 and 26 adenine nucleotides in a row respectively. The test sites for MSI are not involved in the carcinogenic process. Thirty two genes in the human genome have mononucleotide repeats of more than 7 elements [39] . These long repetitive sequences are believed to be more prone to mutation than non-repetitive sequences. A number of these genes have been shown to be altered in MSI+ colorectal tumors. They encode proteins involved in signal transduction (TGFβ-RII, IGFIIR, PTEN), apoptosis and inflammation (BAX, caspase-5), transcription regulation (E2F4, TCF-4), and DNA repair (MSH6, MSH3, MLH3, MED-1, RAD50, DNA-PKcs, BLM).
MMR defects cause cancer
Role of MMR in microsatellite instability
Germline mutations of MMR genes are found in families affected with hereditary non polyposis colorectal cancer (HNPCC) or Lynch syndrome, an autosomal dominant disease predisposing to cancer of the colon, endometrium, stomach, ovary, urinary and biliary tracts [21] . Somatic mutations of MMR genes and epigenetic inactivation of MLH1 are also found in 12-15% of sporadic colorectal cancer cases and in a variable fraction of cancers of the endometrium, stomach and other sites. Due to unrepaired slippage intermediates originated during replication of simple repetitive sequences, tumors from HNPCC individuals and sporadic MMR-defective tumors manifest MSI [22] .
Pathogenic mutations of MMR genes often involve frameshift-inducing insertions/deletions, non-sense mutations, or changes in critical residues directly affecting catalytic (ATP binding/hydrolysis) or DNA binding activity. Disease-causing missense mutations are pathogenic because they disrupt critical protein-protein interactions during MMR. Several MLH1 missense mutations found in HNPCC kindred's cluster in the C-terminal region of the protein and impair the interaction with PMS2 [23] .
Epigenetic inactivation mainly the DNA promoter methylation of DNA repair genes in cancer has been reported in several DNA repair pathways. It has been shown that methylation in the promoter region of MLH1 correlates with decreased activity of the gene. This gene is epigenetically inactivated in other types of cancers other than HNPCC, in sporadic endometrial carcinoma, gastric cancers, sporadic colorectal carcinoma (CRC), ovarian tumors (OC), NSCLC, oral squamous cell carcinoma (SCC), neck SCC, and acute myeloid leukemia (AML) [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] . Other MMR genes are also controlled by promoter methylation. MSH2 is methylated in CRC, primary non-small cell lung carcinoma (NSCLC), oral SCC, OC and neurofibromatosis type 1 [34] [35] [36] [37] . MSH6 methylation occurs in CRC and MSH3 methylation was found in sporadic CRC [38] . In conclusion, methylation of the gene MLH1 may have considerable importance in cancer development and as a prognostic factor and the genes MSH2, MSH3 and MSH6 are interesting candidates as well.
Tumours are classified as having high frequency microsatellite instability (MSI-H) if >30% of the markers show instability. If <30% of markers show instability, the tumour is classified as low-frequency microsatellite instability (MSI-L), while if there is no apparent instability, the tumour is classified as microsatellite stable (MSS) [40] . MSI is found in more than 90% of the HNPCC tumors, it is also seen in 15-20% of the sporadic CRCs [41] . MSI also affects other epithelial tumors including the stomach, endometrium, and ovary. MSI among endometrial cancers varies from 17% to 32% in sporadic cancers while the frequency increases to more than 75% of those tumors associated with HNPCC [42] . For ovarian cancers, MSI range is detected in up to 50% cases [43] . MSI may serve as a marker for the identification of a mutator phenotype.
In spite of extensive studies, the clinical significance of the MSI+ phenotype remains a matter of debate. MSI+ colorectal tumors are associated with a better survival and a reduced likelihood of metastasis. Several studies have reported that the MSI+ phenotype may influence the outcome of chemotherapy [44, 45] .
Role of MMR in genetic polymorphisms
Single nucleotide polymorphisms (SNPs) are DNA variants where a single nucleotide at a fixed position in the genome is substituted with another. SNPs can be used to measure admixture in populations and may be utilized to map genes that could account for the differences in disease incidence between populations [46] . Exonic SNPs result in amino acid substitutions that may affect mRNA stability and alter splicing signals in genes [47] . SNPs in introns, regulatory and gene-distant regions affect gene regulation by splicing mechanism [48] . Promoter SNPs can directly affect transcription of a gene. 
Germline mutations of MMR genes
Polymorphisms in MMR genes may primarily be associated with CRC. A number of MMR SNPS have been evaluated in CRC and many reported are with extra colonic where MSI status was not evaluated. The MLH1 I219V polymorphism, located in exon 8 at nucleotide position 655 (A>G), was shown to be associated with an increased risk for childhood acute lymphoblastic leukemia [49] . Few studies have found a significant association between the I219V homozygous variant (GG) and an increased risk of breast cancer [50] . The MSH2 G322D polymorphism is located in the coding-region of the MSH2 gene, in exon 6, at nucleotide position 965 (G>A). This alteration results in a modest decrease in mismatch repair efficiency [51] . Another MSH2 SNP, IVS12-6T>C has been associated with acute myeloid leukemia, non-Hodgkin lymphoma, familial and sporadic CRCs, high-grade dysplasia and cancer in ulcerative colitis patients, and primary lung cancer [52] . The MSH6 G39E, located in exon 1, (116G>A) was shown to be associated with increased risk of both colon and rectal cancers [53] . One of the most studied MMR polymorphisms is MLH1 D132H, which was associated with susceptibility to sporadic CRCs [54] . This polymorphism attenuates the ATPase activity of MLH1 without affecting the MMR functions. This uncoupling of the MLH1 functions result in increased risk to MSS, but not MSI-H CRCs [54] .
The MLH1 locus is located on chromosome 3p21. [58] . Future studies are required to assess the role of MLH3 in the progression of colorectal carcinogenesis.
The PMS2 genomic locus encompasses 33 kb on chromosome 7p22, consists of 14 exons, and encodes an 862-amino acid protein.
A non-expressed pseudogene has been described in the region of PMS2 and polymorphisms in this region may be mistaken for mutations [59] . The role of PMS2 in familial colorectal cancer is highly questionable, except in the Turcot's variant of the disease.
Role of MMR in platinum resistance
Platinum compounds such as cisplatin, carboplatin and oxaliplatin are non-classic alkylating agents frequently used in the treatment of cancer of the ovary, testis, bladder, head and neck, cervix, lung, bone and nervous system [60] . Unfortunately, resistance has limited the efficacy of these agents in most diseases. Resistance to platinum-based chemotherapy can be intrinsic or acquired. Increased DNA repair activity is an important factor in acquired platinum resistance in cancer cells. In the case of platinum resistance, the DNA repair system is diverted to the repair of platinum-induced damage intended to kill tumor cells. Platinum adducts are repaired by a process of 'cutting, removing, and replacing' that involves many proteins in the NER pathway [61, 62] .
A functional MMR system is required for the detection of damaged DNA created by cisplatin and carboplatin. MMR proteins can bind to DNA-adducts created by platinum drugs and repair the DNA conferring damage thus conferring sensitivity to treatment [63] . Platinum complexes interfere with normal MMR activity and lead the cell to apoptosis. When MMR is deficient, cells can continue to proliferate in spite of DNA damage caused by platinum drugs and are thus resistant. MMR-deficient cells that have lost MMR function or that lack expression of MLH1 or MSH2 become resistant to DNA-damaging platinum compounds due to futile repair [64] .
MMR and other DNA transactions
In addition to a direct role in MMR, mammalian MMR proteins are involved in several DNA transactions, including transcriptioncoupled repair (TCR), base excision repair (BER) and recombination and meiosis. NER is involved in the removal of UV lightinduced pyrimidine dimers to adduct generated by benzo[a]pyrene and cisplatin [1] . TCR is a NER pathway that preferentially Annex Publishers | www.annexpublishers.com Volume 1 | Issue 1 DNA mismatch repair defects are common in several cancers as inferred from the occurrence of MSI. MSI analysis and/or immunohistochemical staining for MMR protein expression offer useful preliminary tests for MMR gene involvement [73] . The detection of a MMR defect may provide an important piece of information to guide the clinical management of the patients. Malfunction of the MMR system may modify the response to the cytotoxic drug fluorouracil, a competitive inhibitor for substrates critical for DNA synthesis. This works in concert with MMR deficiency and enhances apoptosis in these cells [74] . The resistance of MMR-deficient cells to alkylating agents is thought to result from the failing detection of alkylation adducts and impaired induction of apoptosis [75] . Increased knowledge of the MMR system and its connection to other biologic pathways is essential for better understanding of the fundamental mechanisms of cancer development and to identify targets for preventive and therapeutic interventions.
MMR has entered the centre stage of cancer research and molecular medicine with discoveries of its role in the pathogenesis of HNPCC and resistance to alklylating agents and other anti-neoplastic drugs. Inactivation of MMR either due to germline mutations or hypermethylation of MLH1 promoter is closely associated with cancer predisposoition. MMR proteins are engaged in a complex network of molecular interactions that extends to proteins that participate in recombination, transcription-coupled repair and base excision repair. MMR proteins repair ephemeral DNA lesion, mismatch formed by chemically normal bases. Excessive damage activates apoptosis in a MMR-dependent fashion. Thus, the complexity of the interactions of MMR components is a reflection of their central role in mutation avoidance and cell death regulation.
Clinical implications
Conclusions and future perspective corrects lesions in the transcription template strand of RNA polymerase II-transcribed genes [65. ] Although the mechanistic details of the involvement of MMR proteins in TCR are not known, specific interactions between MSH2 and NER proteins have been detected in yeast [66] . MSH2 contributes to the recognition of a stalled RNA polymerase on the transcription template strand at sites of DNA damage. Also, MSH2-MSH6 heterodimer can bind to some lesions repaired by NER. MMR proteins may function during resynthesis of the transcribed strand [67] . This suggests that inactivation of MMR function may lead to accumulation of both environmental and endogenous oxidative DNA lesions.
The tumor suppressor genes BRCA1 and BRCA2 are responsible for the majority of the cases of hereditary predisposition to breast and ovarian cancer. They play a role in the repair of DNA double-strand breaks. BRCA1 interacts directly with MSH2, MSH3 and MSH6 and indirectly with MLH1 and PMS2 in addition to ATM, BLM and RAD50-MRE11-NBS1 to form BASC (BRCA1 associated genome surveillance complex) [68] . The heterodimer MSH2-MSH6, provide a DNA damage recognition signal required for the BRCA1 and BRCA2 dependent TCR [68] .
MLH1 provides a link between MMR and BER. BER repairs endogenous oxidative lesions caused by reactive oxygen species and exogenous lesions such as alkylation of purines and formation of adducts [69] . BER acts on mismatches via the action of mismatch specific DNA N-glycosylases [70] . The human MED1 protein contains a N-terminal 5-methyl cytosine binding domain (MBD) and a C-terminal catalytic region. This interaction implies unprecedented role of DNA methylation.
The molecular mechanisms underlying suppression of genetic recombination by MMR in mammalian cells are less clear and the relevant interactions with recombination specific factors are not established. The human Bloom syndrome helicase (BLM), a component of BASC, was shown to directly interact with MLH1 [71] . It has been hypothesized that MSH4-MSH5 and MLH1-MLH3 complexes promote the formation and stabilization of Holliday junctions and their preferential resolution into cross-overs rather than non cross-overs [72] .
In future, efforts should be directed towards novel molecular approaches to cancer prevention and treatment that build on our increased understanding of MMR function. Chemopreventive agents should be developed that specifically target precancerous cells in which a defect in MMR is propelling them to malignancy. Novel radio and chemotherapeutic strategies will have to take into account the MMR deficiency of the individual tumor. MMR deficient malignancies should be treated preferentially with frameshift-inducing agents and other drugs for which increased sensitivity is brought about by a MMR defect.
